Abstract. Accumulating evidence suggests that glucagon-like peptide-1 (GLP-1) and its analogues exert cardioprotective effects via modulating cardiomyocyte metabolism. Mitochondria play a pivotal role in the regulation of cell metabolism. It was hypothesized that treatment with exenatide, a GLP-1 analogue, may exert cardioprotective effects by improving mitochondrial function in an in vitro model of hypoxia/reoxygenation (H/R). H9c2 cells were employed to establish an in vitro model of H/R. Exenatide was added to the cells for 30 min prior to exposure to hypoxia. The GLP-1 receptor antagonist exendin-(9-39), the cyclic adenosine monophosphate (cAMP) inhibitor Rp-cAMPS and the protein kinase A (PKA) inhibitor H-89 were added to the cells for 10 min prior to treatment with exenatide. The release of lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) and cardiomyocyte apoptosis were evaluated. The characteristics of mitochondrial morphology and functions, including ATP synthesis, membrane potential (ΔΨm), mitochondrial permeability transition pore (mPTP), mitochondrial ATPase activity and oxidative stress, were determined. The mitochondrial uncoupling protein-3 (UCP-3) and nuclear respiratory factor-1 (Nrf-1) were also investigated by western blot analysis. Exenatide pretreatment significantly decreased LDH and CK-MB release and cardiomyocyte apoptosis in H9c2 cells subjected to H/R. More importantly, to the best of our knowledge, this is the first report of exenatide pretreatment decreasing mitochondrial abnormalities and reducing oxidative stress, while enhancing ATP synthesis, mitochondrial ATPase activity and ΔΨm in H9c2 cells subjected to H/R. Exenatide pretreatment also decreased mitochondrial calcium overload and inhibited the opening of mPTP in H9c2 cells subjected to H/R. Furthermore, exenatide pretreatment upregulated UCP-3 and Nrf-1 expression in H9c2 cells subjected to H/R. However, the abovementioned observed effects of exenatide were all abolished when exenatide was co-administered with exendin-(9-39), Rp-cAMPS and̸or H-89. Therefore, the GLP-1 analogue exenatide was found to exert cardioprotective effects in an in vitro model of H/R, and this cardioprotection may be attributed to the improvement of mitochondrial function. These effects are most likely associated with the activation of the GLP-1 receptor/cAMP/PKA signaling pathway.
Introduction
Myocardial ischemia-reperfusion injury is defined as the sudden reintroduction of molecular oxygen due to blood flow restoration in the ischemic area, and it may cause additional injury to the myocardium (1) . This pathological process occurs inevitably in a wide range of patients, such as cardiac arrest survivors, acute myocardial infarction victims and cardiac surgery patients (2) . Although the underlying mechanism has not been fully elucidated, accumulating evidence indicates that mitochondrial dysfunction plays a key role in myocardial ischemia-reperfusion injury (3) (4) (5) (6) (7) . Impaired myocardial mitochondrial function leads to diminished cardiac substrate flexibility, decreased cardiac energy efficiency and diastolic dysfunction (8) (9) (10) . However, there are few effective strategies for preventing the process of mitochondrial dysfunction in myocardial ischemia-reperfusion injury. Therefore, identifying potential therapeutic agents that improve mitochondrial function in myocardial ischemia-reperfusion has become a field of interest in research.
Glucagon-like peptide-1 (GLP-1), an endogenous incretin hormone, has been confirmed to exert potent insulinotropic, insulinomimetic and glucagonostatic effects; however, its clinical use is limited by its rapid degradation by dipeptidyl peptidase-4 (DPP-4) (11) . Exenatide, a GLP-1 analogue that
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is not susceptible to cleavage by DPP-4, has been developed and is currently being used as novel antidiabetic drug (11) . Exenatide shares 53% homology with native GLP-1, but still binds to GLP-1 receptors on pancreatic β-cells to exert its insulin-releasing and glucose-lowering effects (12) . GLP-1 receptors have been found in extrapancreatic tissues, particularly in the heart (13, 14) , and numerous studies have reported that GLP-1 and its analogues exert cardioprotective effects in myocardial ischemia-reperfusion injury, as well as in other pathologies that are associated with myocardial remodeling and heart failure (15) (16) (17) (18) (19) . Recent evidence demonstrated that such cytoprotection appears to rely on direct mitochondrial preservation by modulating oxidative phosphorylation and inhibiting oxidative stress (20, 21) . However, there is little information on the role of mitochondrial function in this cardioprotection. In this sense, this commonality in the beneficial effects on cardiac homeostasis between mitochondrial adjustment and GLP-1-mediated cardioprotection raises the question whether mitochondrial function improvement is a component of GLP-1-mediated cytoprotection against myocardial ischemia-reperfusion injury.
To address this question, in the present study, hypoxia/reoxygenation (H/R)-treated H9c2 cells, an established in vitro model resembling ischemia-reperfusion in vivo, were used to determine the role of mitochondrial function in GLP-1-mediated cardioprotection. To test this hypothesis, characteristics of mitochondrial morphology and function, including ATP synthesis, membrane potential (ΔΨm), mitochondrial permeability transition pore (mPTP) and activities of mitochondrial ATPases were investigated, as was mitochondrial oxidative stress at the cellular level. Furthermore, the underlying mechanism for GLP-1-mediated cardioprotection was examined by assessing the GLP-1 receptor/cyclic adenosine monophosphate (cAMP)̸protein kinase A (PKA) signaling pathway.
Materials and methods
Cell culture and H/R treatment. H9c2 cells (rat cardiomyoblast cell line; Chinese Academy of Medical Sciences, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium̸Nutrient Mixture F-12 (DMEM/F12; Thermo Fisher Biochemical Products, Beijing, China) containing 10% (v/v) fetal bovine serum (FBS; Invitrogen Life Technologies; Thermo Fisher Scientific, Carlsbad, CA, USA) and 100 µg/ml penicillin/streptomycin (Beyotime Institute of Biotechnology, Haimen, China).
The H/R model was established according to the methods previously described, with some modifications (22) . In brief, after growing to 80% confluence, the cells were starved in serumfree DMEM/F12 for 12 h and were then subjected to hypoxia in a hypoxic incubator (Thermo Forma, Marietta, OH, USA), saturated with a gas mixture (95% N 2 and 5% CO 2 ) at 37˚C. The percent oxygen in the hypoxic incubator was maintained at 1% to induce simulated ischemia. After hypoxia treatment, the cells were provided with fresh 10% FBS DMEM/F12 and rapidly transferred into a normoxic incubator for reoxygenation. The control group was cultured under normal incubating conditions for the corresponding times. Exenatide or the cAMP activator, forskolin (1 µM), was added to the cells for 30 min prior to exposure to hypoxia. The GLP-1 receptor antagonist exendin-(9-39) (0.1 µM), the cAMP inhibitor Rp-Camps (200 µM) and the PKA inhibitor H-89 (5 µM) were added to the cells for 10 min prior to treatment with exenatide.
Viability assay. The cell counting kit-8 (CCK-8; Beyotime Institute of Biotechnology) was employed to examine cell viability as previously described (23) . Briefly, H9c2 cells (1x10 4 /100 µl) were seeded in 96-well plates for 72 h. The cells were then pretreated with or without exenatide (0, 0.05, 0.1, 0.2, 0.4 and 0.6 µM) for 30 min prior to being subjected to H/R (4/2, 6/3, 12/4, 14/5, 16/6 and 22/10 h). The cells were provided with fresh media (100 µl) and CCK-8 solution (10 µl) was added into each well. The plates were then incubated under normoxic conditions for 2 h. The optical density values were measured at 450 nm using a microplate reader (Multiskan MK33; Thermolab Systems, Helsinki, Finland).
Transmission electron microscopy. After the indicated treatment, cells were harvested by 0.25% trypsinization and centrifugation at 400 x g for 5 min. The cells were then fixed with 2.5% glutaraldehyde for 2 h at 4˚C and post-fixed with 1% osmium tetroxide for 15 min at 4˚C. After dehydration with a graded series of aceton, the cells were washed by propylene oxide and embedded in Epon 812. Ultrathin sections were cut with an ultramicrotome, stained with sodium acetate and lead hydroxide, and examined using a transmission electron microscope (Hitachi-7500; Hitachi, Tokyo, Japan) Flow cytometry. Annexin v/propidium iodide (PI) staining was used to determine cell apoptosis by flow cytometry (24) . H9c2 cells (2x10 4 /100 µl) were seeded in 6-well plates for 72 h. After treatment, the cells were harvested by trypsinization and centrifugation at 400 x g for 5 min, and re-suspended at a density of 1x10 6 /ml. The cells were incubated with 5 µl Annexin V-fluorescein isothiocyanate (FITC) and PI (10 µl, 20 µg/ml) for 20 min, and then analyzed using a flow cytometer (BD FACSvantage SE; Beckman Coulter, Brea, CA, USA). The data on fluorescence intensity were analyzed using the CellQuest™ software (Becton Dickinson and Company, Franklin Lakes, NJ, USA).
To quantitatively analyze the development of oxidative stress, the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) was assessed using 2' ,7'-dichlorofluorescin diacetate (DCFH-DA) and dihydroethidium (DHE) (both from Beyotime Institute of Biotechnology) by flow cytometry, as described previously (24) . After the indicated treatment, the cells were loaded with DCFH-DA (10 µM) for 60 min at 37˚C and DHE (5 µM) for 30 min at 37˚C, and then analyzed on a flow cytometer. DCFH-DA was excited at 488 nm and emitted at 525 nm. DHE was excited at 543 nm and emitted at 560 nm. The data on fluorescence intensity were analyzed using the CellQuest™ software.
Changes in mitochondrial calcium concentration [(Ca
2+
) m ] were assessed using a mitochondrial-permeating calcium fluorophore, Rhod-2AM (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), by flow cytometry as described previously (24) . After the indicated treatment, the cells were incubated with 2 µM Rhod-2AM for 30 min at 37˚C and were then analyzed on a flow cytometer. Rhod-2AM was excited at 543 nm and emitted at 560 nm. The data on fluorescence intensity were analyzed using the CellQuest™ software.
The opening of mPTP was detected using the calcein-AM probe (Santa Cruz Biotechnology, Inc.) by flow cytometry, as described previously (25) . The loading of calcein-AM enabled the localization of fluorescent calcein in mitochondria, and the calcein signal was reduced when the mPTP opened (26) . After the indicated treatment, the cells were loaded with calcein-AM (1 µM) for 30 min at 37˚C and were then analyzed on a flow cytometer. Calcein-AM was excited at 488 nm and emitted at 525 nm. The data on fluorescence intensity were analyzed using the CellQuest™ software.
ΔΨm was measured using a fluorescent, lipophilic and cationic probe, JC-1 (Beyotime Institute of Biotechnology) by flow cytometry, as described previously (7) . After the indicated treatment, the cells were loaded with JC-1 (10 µg/ml) for 20 min at 37˚C and were then were analyzed on a flow cytometer under single excitation (488 nm) and dual emission (530 and 590 nm). The data on fluorescence intensity were analyzed using the CellQuest™ software. The fluorescence ratio of red to green was quantitated.
Detection of intracellular ATP content. Cellular ATP content was measured using the ATP bioluminescent assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. In brief, after the indicated treatment, the cells were lysed and centrifuged at 12,000 x g for 5 min. The supernatants (100 µl) were mixed with ATP detection working dilution (100 µl) in a 96-well plate. The luminance was measured using a microplate reader (Multiskan MK33; Thermolab Systems). The protein concentration of each group was determined using the enhanced bicinchoninic acid (BCA) protein assay kit (Beyotime Institute of Biotechnology). The total ATP content was expressed as nmol/mg protein.
Mitochondrial isolation. Mitochondria were isolated from H9c2 cells using the Cell Mitochondria Isolation kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Briefly, after the indicated treatment, the cells were collected and suspended in ice-cold isolation buffer for 15 min. After the cells were homogenized, the homogenate was centrifuged at 600 x g for 10 min at 4˚C, and then the supernatant was centrifuged at 11,000 x g for 10 min at 4˚C. The mitochondria were harvested from the sediments.
Colorimetry. The activity of lactate dehydrogenase (LDH) in the culture medium, and the activities of mitochondrial Na + ̸K + -ATPase and Ca 2+ ̸Mg 2+ -ATPase were measured using commercially available kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. In brief, after the indicated treatment, the cells were lysed and centrifuged at 1,600 x g for 10 min at 4˚C. The mitochondria were isolated as described above. The supernatants and the mitochondria were collected and reacted with the respective reagents included in the kits. Subsequently, the absorbance values at 340 and 660 nm were measured using a spectrophotometer (721D; Pudong Shanghai Physical Optical Instrument Factory, Shanghai, China). The protein concentration of each group was determined using the enhanced BCA protein assay kit (Beyotime Institute of Biotechnology).
The activity of LDH was expressed as U/l. 
Enzyme-linked immunosorbent assay (ELISA).
The levels of creatine kinase-MB (CK-MB) in the culture medium and plasma were measured using the CK-MB ELISA assay (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. After the indicated treatment, the culture medium and plasma was collected and centrifuged at 1,600 x g for 10 min at 4˚C. The supernatants were collected for the detection of CK-MB. The supernatants were then incubated with the reagents in the kits. Finally, the absorbance values were measured using a microplate reader (Multiskan MK33; Thermolab Systems) at 450 nm. The CK-MB level was expressed as U/l.
Western blot assay. Protein samples were isolated from the H9c2 cells by homogenization in cell lysis buffer (Beyotime Institute of Biotechnology). The lysates were kept on ice for 45 min and total proteins were isolated by centrifugation at 14,000 x g for 10 min at 4˚C. The protein concentration was measured using the enhanced BCA protein assay kit (Beyotime Institute of Biotechnology). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto PvDF membranes. The membranes were blocked in 5% non-fat milk and incubated with primary antibodies to uncoupling protein (UCP)-3 (1:1,000; rabbit, polyclonal; C19359), nuclear respiratory factor (Nrf)-1 (1:1,000; rabbit, polyclonal; C20962) (both from Anbo Biotechnology Co., Ltd., San Francisco, CA, USA), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1,000; Beyotime Institute of Biotechnology). The membranes were then incubated with horse radish peroxidase-goat anti-rabbit immunoglobulin G secondary antibody (cat. no. ZDR 5306; 1:1,000; Zhongshan Goldenbridge Biotechnology Corporation, Beijing, China). Signals were detected with the ECL system (Beyotime Institute of Biotechnology). Blots were scanned using Bio-Rad gel imaging system (Bio-Rad Laboratories, Hercules, CA, USA) and bands were quantified with Quantity One software.
Statistical analysis. The SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Data are presented as mean ± standard deviation. Grouped data were analyzed using a one-way analysis of variance followed by the Student-NewmanKeuls test. When the equal variance test failed, a Mann-Whitney rank-sum test was used. A P-value of <0.05 was considered to indicate statistically significant differences.
Results
The GLP-1 receptor is expressed in H9c2 cells. Although the GLP-1 receptor has been found in the hearts of mammals, no information is available regarding its expression in H9c2 cells. Therefore, the expression of GLP-1 receptor was first tested in H9c2 cells using confocal laser scanning microscopy and western blot analysis (Fig. 1) , and the expression of the GLP-1 receptor in H9c2 cells was confirmed.
Exenatide increases the viability of H9c2 cells subjected to H/R. After H9c2 cells were exposed to various durations of H/R (4/2, 6/3, 12/4, 14/5, 16/6 and 22/10 h), cell viability was assessed with the CCK-8 kit and was found to be significantly decreased in a time-dependent manner compared with the control group (Fig. 2A) . Cell viability after 4/2 and 6/3 h H/R was reduced to 0.96 and 0.92 (% of control), respectively, compared with that in the control group (P<0.05), while cell viability was reduced to 0.71, 0.61, 0.53 and 0.36 after 12/4, 14/5, 16/6 and 22/10 h H/R, respectively (P<0.01). H/R 12/4 h was selected to investigate the potential protective effects of exenatide on cardiomyocytes, as it was the earliest time-point (Fig. 2B ). Exenatide at 0.2 µM exhibited the best efficiency in preserving cell viability. Thus, the concentration of 0.2 µM was selected to treat H9c2 cells in the following experiment.
LDH and CK-MB release are two well-known markers of cardiomyocyte injury. To further investigate the cardioprotection of exenatide against H/R injury, LDH and CK-MB release in the culture medium was further examined (Fig. 2C and D) . LDH and CK-MB release was significantly increased in the H/R group compared with the control group (P<0.05), while pretreatment with 0.2 µM exenatide significantly decreased LDH and CK-MB release induced by H/R (P<0.05). These results strongly suggest that exenatide exerted cardioprotective effects against H/R injury in H9c2 cells.
Exenatide inhibits structural changes in mitochondria.
Transmission electron microscopy was used to detect mitochondrial structural changes. As shown in Fig. 3 , mitochondria in the control cells presented as integrated structures with numerous transversely orientated cristae enveloped by an intact outer membrane. However, H/R injury resulted in swollen mitochondria, appearing as spherical structures with disarrayed cristae, disorganized matrix and more cytosolic vacuoles. Exenatide treatment attenuated mitochondrial swelling, cristae disarray and membrane rupture in H9c2 cells following H/R.
Exenatide protects H9c2 cells from apoptosis. Considering the anti-apoptotic effect of exenatide in several studies, this effect was investigated in the H/R model. As shown in Fig. 4A and B, H/R-treated cells exhibited a significant increase in apoptosis (P<0.05). Compared with cells treated with H/R, the H/R + exenatide group exhibited a significant decrease in the proportion of apoptotic cells (P<0.05). The expression of cleaved caspase-3 was also detected (Fig. 4C) ; it was observed that exenatide statistically significantly decreased the expression of cleaved caspase-3 in H/R-treated H9c2 cells (P<0.05). These findings demonstrated that exenatide exerts anti-apoptotic effects on H/R-treated H9c2 cells. Next, the role of GLP-1 receptor/cAMP/PKA signaling pathway in the anti-oxidative effects of exenatide on H/R injury was further evaluated. The GLP-1 receptor antagonist exendin-(9-39), the cAMP inhibitor Rp-cAMPS and the PKA inhibitor H-89 were employed. As shown in Fig. 5 , the inhibitory effects of exenatide on H/R-induced ROS and RNS accumulation were significantly attenuated by treatment with exendin-(9-39), Rp-cAMPS and H-89 (P<0.05). Furthermore, in line with the results following exenatide pretreatment, pretreatment with the cAMP activator forskolin also reduced the production of ROS and RNS in H9c2 cells subjected to H/R, suggesting that the reduction of the H/R-induced oxidative stress by exenatide is dependent on the GLP-1 receptor̸cAMP̸PKA pathway. Taken together, these results suggest that exenatide reduces the H/R-induced oxidative stress via activating the GLP-1 receptor/cAMP/PKA pathway in H9c2 cells. To further investigate the effects of exenatide on mitochondrial function, the status of mPTP was determined using calcein-AM probes by flow cytometry. Previous studies reported that the loading of calcein-AM enabled the localization of fluorescent calcein in mitochondria, and that the calcein-AM signal was reduced when the mPTP opened (26).
Exenatide reduces the H/R-induced (Ca
As shown in Fig. 6B , H/R treatment significantly decreased the calcein-AM fluorescence intensity compared with that of the control group (P<0.05), while pretreatment with exenatide or forskolin increased the calcein-AM signal intensity. When cells were pre-incubated with exendin-(9-39), Rp-cAMPS and H-89, the effects of exenatide on calcein-AM intensity were 
Exenatide inhibits the H/R-induced depolarization of ΔΨm and the reduction of ATP synthesis in H9c2 cells via the GLP-1 receptor̸cAMP̸PKA pathway.
Since ΔΨm is one of the indicators of mitochondrial function, the effect of exenatide on ΔΨm was investigated. As shown in Fig. 7A , H/R treated cells exhibited a decrease in polarized mitochondria (P<0.05) and an increase in depolarized mitochondria (P<0.05) compared with the control group, whereas pretreatment with exenatide or forskolin reversed these changes (P<0.05); there was no significant difference between the H̸R + exenatide and H̸R + forskolin groups (P>0.05). When the cells were preincubated with exendin-(9-39), Rp-cAMPS and H-89, the effect of exenatide on ΔΨm was inhibited (P<0.05). These results suggest that exenatide prevents ΔΨ depolarization induced by H/R via activating the GLP-1 receptor̸cAMP̸PKA pathway in H9c2 cells. Cellular ATP content is also a sensitive indicator of mitochondrial function. As shown in Fig. 7B , ATP concen- 
Exenatide inhibits the H/R-induced decrease of mitochondrial ATPase activity in H9c2 cells via the GLP-1 receptor̸cAMP̸PKA
pathway. The activity of mitochondrial ATPase was further examined. As shown in Fig. 8 , H/R-treated cells exhibited a significant decrease in the activity of Na + ̸K + ATPase (P<0.05) and Ca 2+ ̸Mg 2+ ATPase (P<0.05), whereas exenatide pretreat- Figure 9 . Effects of exenatide on nuclear respiratory factor-1 (Nrf-1) and uncoupling protein-3 (UCP-3) expression in H9c2 cells. H9c2 cells were pretreated with exenatide (0.2 µM) or forskolin (1 µM) for 30 min prior to being subjected to 12 h hypoxia followed by 4 h reoxygenation. The glucagon-like peptide-1 receptor antagonist exendin-(9-39) (Ex9-39) (100 nM), the cAMP inhibitor Rp-cAMPS, and the protein kinase A inhibitor H-89 were added to the cells for 10 min prior to treatment with exenatide. (A) Nrf-1 expression was measured by western blotting, and data were expressed as ratio of Nrf-1 to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) UCP-3 expression was measured by western blotting, and data were expressed as ratio of UCP-3 to GAPDH. values are presented as mean ± standard deviation; n=6. (Fig. 9) . Compared with the control group, H/R treatment significantly decreased the levels of UCP-3 and Nrf-1 (P<0.05). Compared with the H̸R group, exenatide significantly increased the UCP-3 and Nrf-1 levels (P<0.05), whereas UCP-3 and Nrf-1 levels did not differ significantly between the H̸R + exenatide and the H̸R + forskolin groups (P>0.05). However, the GLP-1 receptor antagonist exendin-(9-39), the cAMP inhibitor Rp-cAMPS and the PKA inhibitor H-89 attenuated the effects of exenatide on UCP-3 and Nrf-1 (P<0.05). These results suggest that exenatide prevents the reduction of UCP-3 and Nrf-1 protein expression induced by H̸R via activating the GLP-1 receptor̸cAMP̸PKA pathway in H9c2 cells.
Discussion
The main findings of this study revealed that exenatide exerted cardioprotective effects in an in vitro model of H̸R, which resembles ischemia-reperfusion in vivo, by improving mitochondrial function, namely inhibiting the development of morphological abnormalities, opening of mPTP and depolarization of ΔΨm, decreasing mitochondrial oxidative stress and (Ca 2+ ) m overload, enhancing ATP synthesis and the activity of Na + ̸K + ATPase and Ca 2+ ̸Mg 2+ ATPase. Importantly, these beneficial effects were abolished by treatment with exendin-(9-39), Rp-cAMPS and H-89, demonstrating that exenatide protects against ischemia-reperfusion injury via mitochondrial function improvement involving the GLP-1 receptor̸cAMP/PKA signaling pathway.
GLP-1 must bind to the GLP-1 receptor, a specific G protein-coupled receptor, in order to perform its cellular functions (13) . The presence of the GLP-1 receptor has been demonstrated in a number of human organs and tissues, including the pancreas, heart, lung, kidney and brain (13, 14) . However, there was no report on whether the GLP-1 receptor is expressed in the H9c2 cell line. In the present study, it was first proven that H9c2 cells express the GLP-1 receptor using confocal laser scanning microscopy and western blot analysis.
Mitochondrial dysfunction plays a key role in myocardial injury during ischemia-reperfusion (3) (4) (5) . In the present study, mitochondrial function was found to be severely impaired in H9c2 cells subjected to H/R, as evidenced by reduced ATP synthesis, decreased activity of mitochondrial ATPases, opening of mPTP and depolarization of ΔΨm. Previous studies reported that changes in mitochondrial morphology may affect their biological processes and function (27) . It was observed that H/R treatment caused mitochondrial abnormalities, including swelling and disarrayed cristae, and these changes in shape are associated with the decrease in ATP synthesis and activity of mitochondrial ATPases. It is well-known that mitochondria, being a store of intracellular calcium, a source of ROS and a sensor of oxidative stress, play a key role in triggering necrotic and apoptotic cell death under a variety of pathological conditions, including ischemia-reperfusion injury (28) (29) (30) . In the present study, exposure to H/R was found to reduce cell viability, increase the cell apoptotic rate, and increase the LDH and CK-MB levels in the cultured supernatant. Furthermore, H/R injury also increased mitochondrial oxidative stress, as evidenced by increased ROS and RNS generation and (Ca 2+ ) m overload. Taken together, these findings indicate that H/R treatment compromised the mitochondrial function, further contributing to cellular injury in the H/R model.
It is noteworthy that improved mitochondrial function with endogenous adjustment or artificial intervention accelerates recovery of cardiac and cellular functions subsequent to ischemia-reperfusion injury (6, 7, 31, 32) . Therefore, treatments focused on preserving mitochondrial integrity and function hoping to minimize the impact of ischemia-reperfusion injury have become an area of intensive research. various cardioprotective effects of GLP-1 and its analogues have been reported (15) (16) (17) (18) (19) . Treatment with GLP-1 and its analogues may improve myocardial glucose uptake (33, 34) and metabolism (35, 36) , as well as cardiac function (34, 37) in both animal models and clinical studies (15, 16) . Several mechanisms underlying this cardioprotection have been proposed, such as activating the pro-survival kinase associated with reperfusion injury signaling kinase pathway (38) , reducing oxidative stress and increasing antioxidants (37) . Recently, Brown et al reported that the GLP-1 analogue exendin-4 exerted a persistent beneficial effect via altering the mitochondrial phenotype, which decreased the cardiac (Ca 2+ ) m uptake and reduced oxidative phosphorylation (20) . To the best of our knowledge, the present study is the first to provide evidence that exenatide improves several characteristics of mitochondrial function (ATP synthesis, ΔΨm, mPTP and mitochondrial ATPase activity) following H/R injury. We also demonstrated that exenatide treatment decreases the mitochondrial oxidative stress (decreased ROS and RNS generation and (Ca 2+ ) m overload) in the H/R model. Moreover, in line with previous results (15, 16, 18) , exenatide was found to reduce cell apoptosis and cell injury, resulting in increased viability of H9c2 cells subjected to H/R. Based on the abovementioned results, exenatide was proven to exert cardioprotective effects in this cellular model of H/R via improving mitochondrial function.
The cAMP/cAMP-dependent PKA signaling pathway (cAMP/PKA) is well-known to regulate cellular energy metabolism, critically affecting glucose transport and utilization (39), mitochondrial respiration and dynamics (40) (41) (42) . It was recently revealed that activation of the cAMP/PKA pathway may be involved in GLP-1-mediated protective effects. Wang et al demonstrated that GLP-1 and its analogue exenatide protected against cardiac microvascular injury in diabetes via a cAMP/PKA/Rho-dependent mechanism (43) . xiao et al observed that GLP-1 enhanced cardiac L-type Ca 2+ currents through the cAMP/PKA pathway (44). Bose et al reported that GLP-1 treatment may attenuate ischemia-reper-fusion injury, at least in part via activation of PKA (45) (46) (47) . Based on the abovementioned findings, we hypothesized that the protective effects of exenatide on mitochondrial function in H/R injury may be associated with activation of the cAMP/PKA pathway via binding to the GLP-1 receptor. In the present study, it was observed that the exenatide-induced improvement of mitochondrial function (ATP synthesis, ΔΨm, mPTP and mitochondrial ATPase activity) was abolished by the GLP-1 receptor inhibitor exendin-(9-39), the cAMP inhibitor Rp-cAMPS, and the PKA inhibitor H-89. To further examine the mechanism underlying the effect of exenatide on mitochondrial function, forskolin, a potent activator of cAMP, was employed to activate the cAMP/PKA pathway. We observed that both exenatide and forskolin exerted a similar protective effect on mitochondrial function in H/R injury. These results strongly suggest that exenatide may improve mitochondrial function in H/R injury, at least in part though activation of the GLP-1 receptor/cAMP/PKA signaling pathway.
Mitochondrial UCPs and Nrf-1 are both known downstream effectors of the cAMP/PKA pathway. UCPs belong to the superfamily of anion carrier proteins and are located in the inner mitochondrial membrane (48) . Previous studies demonstrated that overexpression of UCPs in cardiomyocytes may prevent cell death by preserving mitochondrial function and structure (49, 50) . The present study demonstrated that exenatide treatment enhanced the expression of UCP-3, which was associated with improvement of mitochondrial function in H9c2 cardiomyocytes subjected to H/R, while these effects were abolished by the GLP-1 receptor inhibitor exendin-(9-39), the cAMP inhibitor Rp-cAMPS and the PKA inhibitor H-89. Nrf-1 is a key nuclear transcription factor that regulates the expression of nuclear mitochondrial genes encoding proteins of the mitochondrial respiratory chain and oxidative phosphorylation (51, 52) . Therefore, Nrf-1 plays an important role in regulating mitochondrial biogenesis and respiratory function (53) . The present study demonstrated that exenatide upregulated the expression of Nrf-1 in H/R-treated H9c2 cardiomyocytes. Furthermore, the results revealed that upregulation of Nrf-1 was associated with improvement of mitochondrial function. These beneficial effects were also abolished by exendin-(9-39), Rp-cAMPS and H-89. Although the present study did not evaluate any other proteins responsible for mitochondrial function, the cAMP̸PKA pathway was correlated with its downstream factors (UCP-3 and Nrf-1) using the inhibitors of cAMP/PKA. Taken together, our data further indicated that exenatide prevented H/R-induced mitochondrial dysfunction, possibly through upregulation of UCP-3 and Nrf-1 via activation of the GLP-1 receptor/cAMP̸PKA signaling pathway.
In conclusion, the data of the present study demonstrated that the GLP-1 analogue exenatide exerted cardioprotective effects in an in vitro model of H/R, which resembles ischemia-reperfusion in vivo, and that this cardioprotection may be attributed to the improvement of mitochondrial function. These effects are most likely associated with activation of the GLP-1 receptor and the cAMP/PKA signaling pathway. These findings highlight a novel mechanism underlying the cardioprotective effects of GLP-1 analogues and the improvement of myocardial ischemia-reperfusion injury.
